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Reliability Evaluation of IEEE 802.11p-Based Vehicle-to-Vehicle
Communication in an Urban Expressway
Yizhi Wang, Jianming Hu , Yi Zhang, and Chao Xu
Abstract: IEEE 802.11p/DSRC (Dedicated Short Range Communication) is considered to be a promising wireless
communication standard for enhancing transportation safety and efficiency. However, IEEE 802.11p-based Vehicleto-Vehicle (V2V) communication is still unreliable because of the complicating factors of high vehicle speed and
complex radio environments. In this paper, we performed a data-based evaluation of V2V communication reliability,
using real-world measurements in a typical urban expressway in Beijing. With respect to the characteristics of the
urban expressway and our experimental data, we found road slope and traffic density to be the major environmental
factors having a significant impact on the V2V communication’s Line-Of-Sight (LOS) conditions. On the basis
of these two factors, we propose a fuzzy classification method for the LOS conditions, and separate the realtime communication environments into different LOS cases. For each LOS case, we quantify the metrics as
received signal strength indication, packet delivery rate, and communication latency. The results reveal that the
communication reliability in urban expressways is very unstable because of the changing LOS conditions. This
study provides a useful reference for the IEEE 802.11p-based cooperative systems in urban expressways.
Key words: IEEE 802.11p; V2V communication; empirical measurement; urban expressway; line-of-sight condition
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Introduction

The emergent IEEE 802.11p/DSRC (Dedicated Short
Range Communication) standard provides a potential
communication platform for the next generation of
Intelligent Transportation Systems (ITS). In recent
years, numerous safety and efficiency-oriented
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cooperative systems and applications have been
developed with the help of the IEEE 802.11p-based
V2V communications[1–4] . Because the communication
platform is responsible for all the information
exchanges, system performance largely depends
on communication reliability. However, even though
the 802.11p amendment to the 802.11 standard is
designed for short-to-medium range communications
and for the high mobility of vehicular networks,
communication performance is still unreliable. This is
because of its sensitivity to shadow fading in complex
and changeable real-world environment due to its
high working frequency and customized physical
layer settings. Communication reliability is affected
by various environmental factors, which must be
thoroughly evaluated.
Since the standard was published, numerous studies
have investigated the performance of the IEEE 802.11pbased V2V communication.
Among these, some researchers have used model-
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based, simulation-based studies, or some integration
of these approaches, to evaluate communication
performance[5–9] . However,
as communication
performance in these studies is based on synthesized
results as determined by multiple internal and external
factors, a theoretical or empirical model may not
completely reflect the real-world situations.
Ground testing studies[10, 11] have analyzed the
relationship between a single environmental factor and
communication performance by precisely controlling
the experimental conditions. The contribution from
each factor is distinct, but not applicable in real-world
scenarios.
In response, other researchers have turned to realworld experiments to evaluate real communication
performance. Among these studies, most of
them have concerned themselves with channel
characteristics. Metrics including Received Signal
Strength Indication (RSSI), excess delay, Doppler
spread, and coherence time were measured against
environmental factors such as separation distance
and vehicle speed[1, 10, 12] . Empirical channel models,
such as the well-known Nakagami fading model, have
been proposed or calibrated[13–18] . These metrics and
models have yielded a detailed description of channel
characteristics, but have not evaluated communication
reliability for upper-layer protocols.
From a practical perspective, we assumed that the
reliability of packet delivery of the IEEE 802.11p-based
V2V communication and the environmental factors
affecting this reliability were most significant. A few
researchers have used this approach in numerous
trials. Bai et al.[19] evaluated the V2V-communication
Packet Delivery Rate (PDR) with respect to
environmental factors such as separation distance
and relative and average speed. Their results indicate
that communication PDR is insensitive to both
relative and average speed for any given separation
distance. However, in our experiment, we found
vehicles’ average speed to be indirectly related to
the communication PDR. Martelli et al.[20] carried
out a measurement-based study in a highway setting
with respect to the Packet Inter-Reception (PIR)
time, the time between two successful receptions,
to reveal the continuity of possible upper-layer
services. The results showed that this parameter
fitted a power-law distribution and was loosely
correlated to the PDR. However, as the PIR reflected a
continuous communication process, it depended on the
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experimental conditions, which limited the generality
of the authors’ conclusions.
In this paper, we propose a novel data-based
evaluation approach to analyze communication
reliability and the factors influencing this reliability
in a real-world traffic environment. Compared to
the condition-controlled experiments of previous
studies, our approach makes use of a large amount
of uncontrolled experimental data to analyze
communication reliability using minimal preemptive
settings. In our approach, two communicating vehicles
simply followed ordinary traffic patterns without any
behavior control, and their communication process was
recorded. We assumed that if the experimental data
was sufficient, the communication reliability under
different environmental conditions would be clear
and accurate, and could be extracted using statistical
methodologies. As such, we consider our data-based
approach to be more accurate than traditional methods
for evaluating real-world communication reliability.
In contrast to the three main types of traffic
scenarios of most previous studies, freeway,
urban, and suburban roads[1, 8, 12, 13, 16, 20] , this paper
analyzes the communication reliability of the urban
expressway. Results from other studies are not suitable
for the urban expressway because of its very different
road structure and environment. For example, the
urban expressway has continuous traffic flow and a
much wider field of vision for signal propagation as
compared to other urban or suburban roads. Compared
to a freeway, the urban expressway contains many more
uphill and downhill slopes due to the numerous urban
overpasses, and these have a significant impact on V2V
communication. The results from this paper will nicely
complement the IEEE 802.11p performance evaluation
of the urban expressway.
The rest of this paper is organized as follows. Section
2 presents a comprehensive description of our databased evaluation approach. In Section 3, we briefly
introduce our test system, including the hardware
system, experiment application, and traffic scenario. A
detailed statistical analysis of the communication
reliability results is given in Section 4, and we make
our conclusions in Section 5.

2

Evaluation Approach

Our evaluation approach included three main steps
to manage the massive amount of heterogeneous
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original data: data preprocessing, classification of
the Line-Of-Sight (LOS) condition, and metrics
measurement. Considering the possible environmental
factors that may have affected the V2V communication
reliability, we selected key factors for our urban
expressway scenario, and ignored the unimportant
factors, in order to solve the evaluation problem.
2.1

Data preprocessing

We used the symbol  to represent the original data set
(Eq. (1)). Each row in the data set contained records of
all the effective information in one single packet as well
as its transmitter and receiver. First, we had to remove
some sparse data under certain conditions to retain the
accuracy and generality of the final results.
 Data rows collected when vehicles were turning
were removed. In our experiment scenario, there
were only a few instances of vehicle turnings and
their respective road structures differed.
 Data rows where the difference in the relative
speeds of the transmitter and receiver exceeded
20 km/h were removed. In most cases, our
experiment vehicles were a part of the uniform and
steady traffic flow. Situations where the difference
in their relative speeds exceeded 20 km/h were
unique and very rare, and would not lead to a
generalized result.
 D fAll experiment datag
(1)
Therefore, the effective data set becomes   ,
as in Eq. (2), and represents the vehicles’
communication processes on straight roads at a
relatively slow speed.
  D  n fData j At turnings _
Relative speed > 20 km/hg
2.2

(2)

Classification of LOS condition

The communication distance and signal propagation
environment are known to be the most important
environmental factors with respect to V2V
communication. In our approach, using distance
as the basic reference variable in our measurements,
we adopted the LOS condition as the key element for
describing the signal propagation environment and
grouped the effective data set accordingly.
Generally, we named a group as either an LOS
or NLOS (Non-Line-Of-Sight), depending on whether
there was a direct line available for signal propagation
between the antennas of the transmitter and the
receiver. Signal transmission is seriously degraded in
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NLOS cases due to the multiple signal reflections and
scatterings. Numerous studies[1, 7, 12, 17, 20] have used
the either-LOS-or-NLOS as a basic classification for
the communication environment. However, in real
urban expressway scenarios, the LOS condition may
change rapidly, so this simple classification method
is not always applicable for real-world experiments.
Therefore, we propose a fuzzy and practical LOS
condition classification method using the probability
of the existence of a direct signal path. Considering
the (straight) urban expressway scenario, we found two
major factors, road slope and presence of intermediate
vehicles, which together determine the LOS condition.
In Fig. 1, we plotted 9 positional relationships
according to different road structures. Due to the limited
communication range of IEEE 802.11p, it was not
necessary to address situations in which two vehicles
were separated by multiple road segments. Here, we
define a road segment as one single level road, or a road
with either an uphill or downhill slope.
In the top three cases of Fig. 1, two vehicles travel
in the same road segment, so the LOS condition is
completely dependent on the presence of intermediate
vehicles. If the two vehicles can see each other, the case
is defined as LOS. In contrast, if there are occluding
vehicles taller than the antenna, such as a bus traveling
between the experiment vehicles, it is defined as an
NLOS case. We label these three cases as L/N cases.
As it was difficult to locate every occluding vehicle
in practical scenarios, we developed a fuzzy method
to determine the LOS condition, using traffic density
to represent the probability that the direct signal path
was occluded by intermediate vehicles. In a real-world
scenario, the traffic density could also be an indication
of the multi-path effect from signal reflection and
scattering. The higher the traffic density, the more likely
the case would be NLOS. However, we could not
measure real-time traffic density around our experiment
vehicles during the experiment process. So in our
Uphil

nhill

Level road

l

Dow

(L/N)
LLV

ULV

DFV

LFV

ULV

(LOS-I)
LLV

UFV

DFV

(LOS-II)
LFV
DLV

(NLOS-I)

UFV

DLV

(NLOS-I)

Fig. 1 LOS conditions according to vehicles’ positional
relationships.
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approach, we applied vehicle speed to reflect the LOS
condition, with the following three reliable premises:
 Vehicle speed in local traffic flow is uniform in the
urban expressway.
 Vehicle speed has a strong negative correlation with
traffic density when the density exceeds a critical
value, according to a well-known fundamental
diagram of traffic flow.
 For free traffic flow situations where vehicle density
is very low, ordinary vehicles will have little
impact on communication. The situation where the
traffic density is high is of more concern in this
experiment.
With respect to the three different LOS conditions,
we defined three speed levels as follows:
 L/N-1: Speed > 60 km/h, low density, low
probability of causing an NLOS situation.
 L/N-2: 40 km/h < Speed 6 60 km/h, medium
density and NLOS probability.
 L/N-3: Speed 6 40 km/h, high density, high
probability of causing an NLOS situation.
Cases in the middle row of Fig. 1 were considered to
be LOS cases. The leading vehicle on the level/uphill
road (LLV/ULV) and the following vehicle on the
downhill/level road (DFV/LFV) form an obtuse angle,
so the direct signal path between their antennas was
hardly occluded by the road surface or the intermediate
vehicles. To make a clearer classification, we divided
these three cases into LOS-I and LOS-II, as shown in
Fig. 1, based on the assumption that the LOS condition
in LOS-II was better for communication than that in
LOS-I.
We defined the last three cases in Fig. 1 as NLOS
cases, because of the occlusion effect of both the road
slope and intermediate vehicles. They were divided into
NLOS-I and NLOS-II, based on the assumption that
the LOS condition in NLOS-II would exhibit the worst
communication reliability.
Therefore, according to the vehicles’ positional
relationships and their average speed, the effective
experiment data set   can be divided as in
Eq. (3). Performance metrics were measured for each
single data subset  .
fL/N-1 ; L/N-2 ; L/N-3 ; LOS-I ; LOS-II ;
NLOS-I ; NLOS-II g   
2.3

(3)

Measurement

In our measurement approach, we applied RSSI, PDR,
and latency as the main indicators of communication

reliability. The exact PDR-distance relationships are
provided here. Latency indicates the length of time for
packet transmission between two vehicles. These results
will be beneficial in the design and evaluation of upperlayer protocols and systems.
2.3.1

RSSI

To mathematically describe varying RSSI values, we
applied the well-known large-scale fading model to
describe the RSSI-distance relationship. The prototype
of this model is as shown in Eq. (4). Here, P ./
represents the signal power at a certain distance. d
and d0 indicate the separation distance and a certain
reference distance, respectively. is the path fading
index, and the X stands for a random variable
fitting normal distribution N.0;  2 /. We simplified the
model to that shown in Eq. (5). Therefore, only three
parameters of this model, .P .1/; ;  /, required the
estimation.
 
d
P .d / D P .d0 / 10 lg
C X
(4)
d0
P .d / D P .1/

10 lg.d / C X

(5)

Using all the .d; P .d // data in each subset  ,
we could calibrate the parameters P .1/ and . To
reduce the error caused by the different amounts of
the RSSI data for different distances, we divided the
separation distance into 5-meter-long intervals and used
the average RSSI of each interval to perform parameter
regression. We note that there was a receiving power
threshold for our receiver, so RSSI values below this
threshold were not collected when distance became too
great. Therefore, we limited the upper bound of the
separation distance for the model parameter regression
and set this value manually, based on the experimental
data. The standard deviation  was calculated using the
regression residual from all the .d; P .d // data.
2.3.2

PDR

Similarly, we divided the communication distance into
20-meter-long intervals to obtain the communication
PDR for each LOS case. This simple calculation is
shown in Eq. (6) where ntransmitted is the total number
of the transmitted packets within the communication
distance interval and nreceived represents numerous
received packets out of this total number. We considered
an ntransmitted that exceeded 500 to be effective for use
in the calculation, since insufficient data can lead to a
biased result.
nreceived
PDR D
(6)
ntransmitted
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Furthermore, we applied a request-and-answer
communication scheme in our experiment, so that
every packet would be transmitted forward and
back, if possible. Therefore, we also obtained the
roundtrip PDR by using the backward packet parameter
values. As the communication frequency was low
(5 Hz), a previous transmission would not affect the one
following.
2.3.3

Latency

Our approach was concerned with communication
latency at the application layer. Because of the nonsynchronization of the different experiment systems, we
could only calculate the latency as half of the roundtrip
value, which was obtained by a local timer using our
request-and-answer communication scheme.

3

Test System

3.1

Experiment platform

Our experiment was accomplished using two
vehicles. Each of them served as both transmitter
and receiver. The top half of Fig. 2 illustrates the
experiment hardware platform allocated to each
vehicle. Details of the devices and parameter settings
are as follows:
 Antenna: Nippon Antenna 5 dBiI
 Wireless terminals: Denso Wireless Safety Unit
(WSU);
X Physical layer: IEEE 802.11p;
X Radio mode: Raw mode without multichannel
management;
X Channel: No. 178, Frequency 5:890 GHzI
X Transmit power: 20 dBmI
X Transmit data rate: 6 Mbps;
X Receive power threshold: 101 dBmI
 Control machines: Sumsung NP-N148-DA07CN;
 Locations devices: GloabalSat GPS BU-353S,
frequency 1 Hz;
 Experiment vehicles: Changan AISVIN.
Antenna

Laptop

DENSO WSU

Packet
creater

Transmitter
Yes

GPS

Is it a
request?

Receiver

5 Hz
64 bytes

Add RSSI

Fig. 2

Test system.

GPS
Info
Result
record
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In the experiment, we applied a request-and-answer
communication scheme, as shown at the bottom of
Fig. 2. When one vehicle broadcasted a request packet
and the other received it, the receiver would reply to
this packet immediately after adding an RSSI value to
certain bits. V2V communication was accomplished by
two applications installed in a laptop and a DENSO
WSU, respectively.
A Java application installed in the laptop controlled
the experiment process and monitored the real-time
communication parameters. Periodically, it created
a request frame and sent it through a UDP-based
Java datagram socket to the DENSO WSU. The
sending frequency was set to 5 Hz and the payload
size was 64 Bytes. Specifically, the payload packed
the vehicle ID, sending time, and positional and
kinematic data, including the vehicle’s longitude,
latitude, height, and speed, as detected by the
GPS. This UDP packet was transmitted locally
through an RJ45 cable. Successful packet delivery
was ensured. Furthermore, this application continued
to monitor the port regarding the uplink of the
local DENSO WSU, and meanwhile, recorded in the
communication logs the transmission and reception of
each packet.
A C-language application was inserted into the
DENSO WSU to manage the IEEE 802.11p-based
communication. Once the UDP packet was received
from the local laptop, the WSU application repacked
the payload and broadcast the packet. When the WSU
application received a packet from the wireless channel,
it would add the sensed RSSI to the prescriptive bits and
send the packet to the local laptop. If the packet was
a request packet, the WSU application would respond
immediately.
3.2

Experiment scenario

For this study, we chose as our experiment scenario
a typical urban expressway — the 4th Ring Road of
Beijing (shown in Fig. 3). The total length of this
expressway is 65:3 km and there are 4 lanes in each
direction. The speed limit is 80 km/h. The experiment
was performed for all 9 circles of the Ring Road during
both peak and off-peak hours.
In Fig. 4, we plotted the 3-dimensional (3-D)
structure of the expressway scenario. Data points were
measured by our GPS devices. The 4th Ring Road
contains tens of overpasses, so there are many uphill
and downhill slopes of approximately 10 20 m in
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70

of data, we also plotted the data distributions
relative to the communication distance. Having adopted
uncontrolled experiments for this study, the data
distribution was unbalanced. Data in L/N situations
are the richest. The data distribution decreases with
communication distance because of the shorter lengths
of single road segments on the expressway. In LOS or
NLOS situations, as the two experimental vehicles drive
along different road segments, the experimental data are
distributed along a distance of hundreds of meters. To
clearly determine differences between different LOS
cases, we also divided the LOS and NLOS data into
three speed levels for our analysis.
The rest of this section describes our detailed analysis
of the performance metrics, including RSSI, PDR, and
latency, for certain experimental data subsets. We then
discuss the impacts of different LOS conditions on
communication reliability.

60

4.1

Height (m)

Fig. 3 Map of the experiment path: the Beijing 4th Ring
Road.

On the basis of the classifications of the LOS condition,
we first analyze the RSSI in L/N cases to determine
the signal fading due to increased traffic density. Then,
using the LOS and NLOS case results, we discuss the
influence of the road slope on RSSI.

50
40
30
20
0

4.1.1
5
10
Distance (km)
(West-East)

Fig. 4
GPS.

15
20

0

5

10
Distance (km)
(South-North)

15

20

3-D structure of the experiment path measured using

height. We divided the entire expressway into 142
segments, based on its 3-D structure, and numbered
them sequentially. Thus, each vehicle location in the
experimental data corresponded to a unique number
indicating the type of road segment on which the vehicle
was traveling. As such, we could easily recognize
the vehicles’ positional relationships based on their
segment numbers.

4

RSSI

Communication Reliability Analysis

Our experiment recorded a total of 262 162 rows of
the experimental data. We selected as an effective data
set   , one having 195 317 rows of data, according to
Eq. (2), and grouped them following the classification
method described in Section 2.1, as shown in Fig. 5.
Figure 5 shows the size of each data subset,
and for subsets with relatively sufficient amount

Signal fading due to increased traffic density

Figure 6 presents RSSI values for L/N-1 , L/N-2 , and
L/N-3 . Each green data point represents a measured
RSSI value at a corresponding separation distance.
Because of the receive power threshold of our Denso
WSU, RSSI values lower than 101 dBm cannot be
sensed, nor can their corresponding communication
packets.
Following the method described in Section 2.2, we
calibrated large-scale fading models. In Fig. 6, the
average RSSI values are represented as red asterisks,
and the models are plotted as black curves. The details
of the model parameters are presented in Table 1. We
know that the most important model parameter is the
fading index, which determines the decreasing speed
of the RSSI as separation distance increases. In Table
Table 1
cases.

Model parameters for different speed levels in L/N

Data subset
L/N-1
L/N-2
L/N-3

Regression
interval (m)
Œ10; 360
Œ10; 210
Œ10; 60

P .1/ (dBm)
32:6996
26:8788
25:0506

γ

σ

2:2987
2:7444
3:3993

3:9290
4:5483
5:0854
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Fig. 5 Classification and distribution of the experimental data. The x-axis in each figure represents the communication distance,
and the y-axis represents the amount of data.
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200

400
600
Distance (m)

800

(c) Speed level 3

RSSI-distance plot for different speed levels in L/N cases.

1, we see a larger fading index
for lower traffic
speed, and most certainly, for higher traffic density. The
LOS condition worsens as traffic density increases, as
mentioned in Section 2.1 above.
Standard deviation  also reflects the LOS
condition. The signal propagation environment is
more changeable when traffic density is high, resulting
in a greater variance of RSSI.
4.1.2

555

-40

RSSI (dBm)

RSSI (dBm)

555

Signal fading due to road slope

In the LOS and NLOS cases, signal propagation may
be more affected by uphill and downhill slopes rather

than by intermediate traffic levels. Figure 7 presents the
RSSI distance relationships of these cases, and Table
2 shows the corresponding parameters of the calibrated
large-scale fading models.
The differences between the LOS and NLOS
cases are obvious. The path fading index in LOS
cases is around 2.0, while in NLOS-I cases, it
increases to 3.0, and in the NLOS-II case it reaches
3.9. Comparing the model parameters at different
speed levels, we find that traffic density has little
influence on signal propagation in these cases, as we
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1
2
3
1
1
2
1
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RSSI-distance plot for speed level 1 in LOS and NLOS cases.

P .1/ (dBm)
40:2125
36:1414
41:4452
37:5999
18:6029
21:2281
1:1183

1:9289
2:2360
2:2192
2:0413
2:9743
3:0060
3:9129


3:9406
3:8134
3:9844
4:1908
4:1813
3:1824
3:2985

mentioned in Section 2.1. In Table 2, the missing
speed levels are due to insufficient experimental data
for certain LOS conditions. Furthermore, when we
compare the standard deviations  in Tables 1 and 2, we
also find that the channel environment affected by the
traffic density is more changeable than that determined
by road slope.
4.2

200

(d) NLOS-II case

Table 2 Model parameters for different speed levels in LOS
and NLOS cases.

LOS-II

800

-80

(c) NLOS-I case

LOS-I

600

-100
0

LOS condition

400
Distance (m)

(b) LOS-II case

RSSI (dBm)

RSSI (dBm)

(a) LOS-I case

200

PDR

In a similar way, we measured the communication PDR
considering the impact of both traffic density and road
slope.

4.2.1

PDR in L/N cases

Figure 8 illustrates the PDR-distance relationships in
L/N cases for different speed levels.
For speed level 1, when the communication distance
is less than 150 m, the PDR is maintained at
approximately 90%. After that, the PDR decreases
linearly with increasing communication distance, and
reaches 50% at a distance of approximately 300 m to
400 m. When the distance reaches 500 m, the PDR falls
below 20%.
Comparing the three curves in Fig. 8, we see
that traffic density has a significant impact on the
communication PDR. For lower traffic speeds (or
higher traffic densities), the PDR decreases faster with
increasing communication distance. The PDR of speed
level 2 falls to 50% at a distance of approximately
200 m, while for speed level 3, the corresponding
distance is approximately 130 m.
Figure 9 shows the PDRs for forward and backward
hops at speed level 1. The backward PDR value
here is actually a conditional probability when the
forward packet is successfully received. Therefore,
backward PDR values are much higher than forward
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Fig. 9 PDR-distance relationships in L/N cases for forward
and backward hops

PDR values. The magenta curve with circles in
Fig. 9 indicates roundtrip PDR results, which are
a little lower than the PDR values for single-hop
communications. The environmental factors seem to
have a more significant influence on communication
reliability than the hops between two communication
devices.
4.2.2

PDR of LOS and NLOS situations

PDR-distance curves for the LOS and NLOS cases are
plotted in Fig. 10. In this section, we consider only
speed level 1 because the data of cases (4-9) at lower
speed levels were not sufficient to yield a reasonable
PRD result.
In Fig. 10, the difference between the three PDR
curves is obvious. For the LOS situation, the PDR is
maintained at higher than 50% until the communication
distance reaches 500 m. More specifically, when the

distance is between 200 m and 500 m, the PDR stays
around 70% with no decrease. In contrast, the NLOS
curve descends quickly with increasing distance. The
PDR falls below 50% before the communication
distance reaches 250 m. Data points of the LOS or
NLOS cases for distances below 200 m are not plotted
in Fig. 10 due to the lack of sufficient experimental
data. However, when the two experiment vehicles are
close to each other, we expect intermediate vehicles
to have the major influence on signal transmission
rather than the road geometry. Therefore, there would
be little difference among the three curves at small
communication distances, for example, below 200 m.
Figure 11 presents the roundtrip communication
PDRs for different LOS cases. The curves here are
closely related to the corresponding PDR curves in
Fig. 10, but with a downward offset.
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Table 3
Transmission

LOS cases

PDR results.
Communication range for different PDRs (m)
90%
80%
70%
60%
50%
90-150
180
220
280
310–450
90
110
150
180
40
50
80
100
130
150
200
200-350
400-500
500
190
210
230
60
150
180
220
260
40
90
100
130
30
40
50
80
90
150
200
200-350
400-500
200

Speed level
1
2
3
1
1
1
2
3
1
1

L/N
Forward
LOS
NLOS
L/N
Roundtrip
LOS
NLOS

We summarize all the PDR results in Table
3, showing the corresponding communication
range for different PDR values under certain LOS
conditions. From these results, we see that in a realworld expressway scenario, the V2V-communication
PDR is far from ideal. Even when two communication
vehicles are rather close to each other, a PDR of 100%
cannot be guaranteed due to the complex channel
environment. The communication range for a certain
PDR threshold is much shorter than the commonly
accepted value of the IEEE 802.11p standard.
4.3

Latency

Our experiment received a total of 120 399 roundtrip
packets. Based on these data, we calculated
several important statistical quantities regarding
communication latency, as shown in Table 4.
Figure 12 presents the PDF and CDF values of
Table 4

Statistical quantities of communication latency.

Average (ms)

Variance

Minimum (ms)

Maximum (ms)

4.4764

3.9426

4.0724

335.1453

3.5

1.0

PDF probability

3.0
2.5
2.0

0.5
1.5
1.0
0.5
0
3.5

4.0

Fig. 12

4.5

5.0
5.5
Latency (ms)

6.0

6.5

0
7.0

PDF and CDF of communication latency.

CDF probability

PDF
CDF

communication latency. 96:54% of the data are below
5 ms and are distributed around 4:4 ms. This also
means that environmental factors have little impact on
communication latency. Those instances of abnormal
data that reach tens or hundreds of milliseconds may
be caused by certain accidental internal problems with
which we need not be concerned.

5

Conclusions

In this paper, we evaluated the IEEE 802.11pbased V2V communication reliability using real-world
measurements in a typical urban expressway. To
achieve a realistic and precise evaluation of the
communication reliability, we proposed a data-based
approach which made use of a large amount of data
collected from uncontrolled experiments.
On the basis of our measurements and analyses,
we found that for the V2V communication in an
urban expressway scenario, road slope and traffic
density were the principle environmental factors
that affected the communication reliability. These
two factors determined the LOS condition. For our
evaluation approach, we adopted fuzzy logic to
effectively classify the LOS conditions for realworld measurement. The experimental data revealed
that the V2V communication reliability in the
urban expressways is rather unstable because of
the changing LOS conditions. The measurements
of RSSI and PDR provided a clear view of
the communication reliability. It is obvious that
a conflict exists between communication reliability
and communication distance. Moreover, as the IEEE
802.11p standard applies contention-based channel
access, during which there are more vehicles joining
the communication, reliability may be even further
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decreased.
On the basis of our findings, we suggest
numerous beneficial measures that can be taken to
improve the communication reliability in the urban
expressways. For example, setting roadside relay
stations at the top of the road slopes can effectively
reduce numerous NLOS cases. Adaptively adjusting
the accepted communication range according to local
traffic density (or running speed) could also make
information exchange more reliable. On the basis of
the above discussion, our future work will address the
communication performance of large-scale equipped
vehicles in the urban expressways. Meanwhile, we will
also concentrate on the development of methods to
promote communication performance, especially for
NLOS cases.
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